Cellulose digestion by bacteria by Ke, Yang-hsien
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1964
Cellulose digestion by bacteria
Yang-hsien Ke
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Microbiology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Ke, Yang-hsien, "Cellulose digestion by bacteria " (1964). Retrospective Theses and Dissertations. 2993.
https://lib.dr.iastate.edu/rtd/2993
This dissertation has been 64—9270 
microfilmed exactly as received 
KE, Yang-hsien, 1927-
CELLULOSE DIGESTION BY BACTERIA. 
Iowa State University of Science and Technology 
Ph.D., 1964 
Bacteriology 
University Microfilms, Inc., Ann Arbor, Michigan 
CELLULOSE DIGESTION BY BACTERIA 
by 
Yang-hsien Ke 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject; Bacteriology 
Approved: 
harge of Major Work 
Head of Major Department 
Dean/ of Gr ^oifate College 
Iowa State University 
Of Science and Technology 
Ames, Iowa 
1964 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
INTRODUCTION — 1 
HISTORICAL 3 
MATERIALS AND METHODS 15 
Organism and Medium 15 
Chemicals and Reagents 16 
Analytic Procedures 18 
EXPERIMENTAL 27 
Thin-Layer Chromatography of Cello- oligo­
saccharides — 27 
Detection of Cello-oligosaccharides in the 
Filtrate of C and E Culture 45 
Digestion of Cello-Oligosàccharides by C and 
E Culture 52 
DISCUSSION —— — 58 





Cellulose, one of the most abundant polysaccharides in 
nature, constitutes from one-third to one-half of the weight 
of all plant residues. It is degraded by fungi, bacteria, 
protozoa, plants and animals, by each of these singly or in 
associative action. 
The problem of cellulose decomposition has a range of im­
plications. It is a vital step in'the maintenance of the car­
bon cycle in nature. In soil, it contributes to the formation 
of humus and the decomposition of plant trash. In plants, it 
is a key reaction in the invasion of plant tissue by pathogen­
ic organisms. In the rumen of herbivores and in the gut of 
many insects, it is involved in the symbiotic relationships 
between cellulose-digesting microorganisms and their hosts. It 
also plays a role in the breakdown of organic residues to form 
coals and oils. It is responsible for large annual economic 
loss through damage to wood, textiles, paper and other cellu-
losic products. And, if one wishes to speculate, the mechanism 
of cellulose breakdown by fungi and bacteria may provide a 
partial clue, at least, to the reverse process of the synthesis 
of cellulose by plants and cellulose-producing bacteria. 
Although cellulose degradation was recognized as early as 
eighty years ago (1), progress made in the studies of this 
problem has been, nevertheless, slow. 
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One of the many reasons for the slow advancement in the 
knowledge of cellulose decomposition is lack of suitable bi­
ochemical and analytical techniques for the isolation of the 
enzyme cellulase(s) and analysis of the intermediary products 
of its action on cellulose. 
With the vast developments in biochemical techniques in 
the past decade, we were able to see increased accumulation 
of information on cellulose digestion by fungi, although the 
biochemical mechanism of cellulose degradation is, indeed, 
still at the stage of controversies. 
Compared to its fungal counterpart, bacterial cellulose 
digestion is even more poorly investigated. Since a truly 
comparative study of a biochemical mechanism will not be sig­
nificant without comparing the same mechanism in several or­
ganisms, the present investigation was conducted as a primary 
step toward understanding of the mechanism of cellulose diges­
tion in bacteria. 
A symbiotic pair of cultures, comprising one thermophil­
ic and one mesophilic bacterium, which digests cellulose only 
in associative action, was chosen for study. A sensitive 
analytical method was developed to enable detection of the in­
termediary products of cellulose digestion by these symbionts, 
and the biochemical mechanism of the reaction was speculated. 
3 
HISTORICAL 
It is generally accepted that the primary chemical struc­
ture of a cellulose molecule is a chain of y2-D-glucopyranose 
units, linked together by 1,4-glycosidic linkages, repeatedly. 
Similar to other polysaccharides, whose structures are re­
peated linkage of simple sugars, the molecular size of the 
cellulose molecule is a matter of variation and, therefore, 
can be described only in term of "average". 
In native cellulose, cellulose molecules are further 
bound laterally into linear aggregates called microfibrils 
containing 50 to 100 cellulose molecules. Within the micro­
fibrils, there are regions of high orientation called micelles 
or crystalline regions, and regions of more random orientation 
called amorphous. One cellulose molecular chain may pass 
through several of these crystalline and amorphous regions. 
The crystalline region is resistant to chemical and en­
zymatic reactions while the amorphous region is not. Norkrans 
(2) and Thomas (3) reported that the activity of cellulase 
enzymes is inversely proportional to the crystallinity of the 
cellulose substrate. Walseth (4) reported that the relative 
content of amorphous cellulose was the main factor that ac­
counted for great differences observed in the enzymatic de­
composition of various celluloses. He also postulated that 
the removal of amorphous cellulose was the reason for the de-
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crease in reactivity of cellulose noted during the course of 
the enzymatic hydrolysis. 
Attempts have therefore been made to produce more reac­
tive cellulose substrates by varioas treatments of native 
cellulose. Swollen cellulose suspensions have been prepared 
by soaking cotton linters in cold 85% phosphoric acid (5), 
concentrated hydrochloric acid (6) and various alkali metal 
hydroxides (7). A cellulose suspension ground in a ball mill 
has also been used as substrate by Hungate (8) and Bryant and 
Burkey (9). More recently, a macrocrystalline cellulose flour 
prepared by acid hydrolysis of the native cellulose to remove 
the amorphous region, followed by mechanical disintegration of 
the unhinged microcrystals, and spray-drying, has become 
available commercially (10). 
The mechanism of cellulose degradation by enzyme systems 
is not fully understood. It was once postulated by Winogradsky 
(11, 12) that the initial stages of cellulose breakdown in­
volved an oxidation into a polyglucuronic acid. This theory 
was, however, soon replaced by postulation of a hydrolytic 
process. Pringsheim (13) first observed the presence of 
cellobiose, in addition to glucose, in arrested cultures of 
thermophilic organisms and postulated a hydrolytic pathway of 
cellulose breakdown. 
Cellulose ^ Cellobiose ^ glucose 
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This hydrolytic theory gained support from countless sub­
sequent studies and is the one in vogue today. 
The biochemical steps in the breakdown of the cellulose 
molecule are subjects for great controversy. 
In 1933 Grassmann and his co-workers suggested (14) that 
cellulose is converted to cellobiose by the enzyme cellulase. 
The cellobiose is then split by the enzyme cellobiase into 
glucose, which is finally metabolized. 
Some twenty years later, Koolman, Roelofsen and Sweeris 
(15) demonstrated the presence of cellotriose as a metabolic 
product of enzymatic hydrolysis of cellulose by the fungus 
Myrothecium verrucaria. They proposed a uni-enzymic nature 
for the thermorésistant cellulase, which splits cellulose into 
cellotriose, thereby producing cellobiose and glucose through 
other enzymic actions. A thermosensitive cellobiase and a 
thermosensitive transglycosidase producing a triose from 
cellobiose were also observed. It was not certain whether the 
latter two were the same enzyme. 
Whitaker and his Canadian co-workers (16, 17) feels that 
there is only a single enzyme involved in the breakdown of 
the cellulose molecule to glucose. They obtained a prepara­
tion which was homogeneous electrophoretically as well as 
ultracentrifugally. Enrichments in the enzyme activities on 
cellulose and cellobiose were approximately the same, sug­
gesting that the cellulase and the cellobiase observeu by 
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Koolman are one and the same. 
Reese and his U. S. Quartermaster co-workers (18, 19) 
believe in a multi-enzymic sequence. The initial attack is 
by a "Cj/f enzyme acting on native cellulose, separating the 
cellulose into linear chains. This is followed by "Cx" en­
zyme, which represents one or more enzymes, solubilizing the 
polysaccharide chain into glucose or cellobiose, depending 
upon the microorganism. 
Jermyn (20) in 1952 showed at least eight components 
capable of breaking^-glucosidic linkages in the metabolic 
filtrate of Aspergillus oryzae. Since this organism is un­
able to attack native cellulose, the "C^" step postulated by 
Reese is not involved. However, the results do suggest a 
multiple enzyme complex for the Cx system. The suggestion is 
advanced that there may be a family of^-glucosidases having 
the ability to break down cellulose within a particular range 
of chain lengths. 
The controversies reviewed thus far represent only the 
accumulated knowledge on cellulose digestion through studies 
of fungal cellulases some ten years ago. In the most recent 
decade, the arguments are still very much alive but somewhat 
different. 
Whitaker, with improved procedures purified (21, 22) and 
characterized (23) his Myrothecium cellulase. In addition to 
homogeneity on starch-gel electrophoresis and ultracentrifuga-
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tion, the cellulase preparations showed identical specific 
activities toward carboxymethyl cellulose whether they were 
purified through Amberlite CG-50 elution or buffered DEAE-
cellulose elution. Results from amino acid composition and 
terminal residues determination reconfirmed his claim that 
his cellulase from Myrothecium verrucaria is homogeneous (23). 
Further studies on its activity toward yd-methyl glycosides of 
1,4-^-D-oligoglucosides indicate that the interior but not the 
terminal linkages of the oligosaccharides are hydrolyzed by 
the enzyme (24). This, together with earlier findings (25, 26, 
27, 28, 29), prompted the theory that this enzyme hydrolyzes 
cellulose by random cleavage. 
Jermyn, in his latest effort to purify the y^-glucosidase 
of Stachybotrys atra, found no positive evidence that the en­
zyme preparations contained more than a single active chemical 
species (30). However, even the best preparations contained 
a considerable excess of a complex polysaccharide, containing 
glucose, galactose, mannose, a little xylose, and traces of 
uronic acid. Further purification of this enzyme was made by 
preparing a carbohydrate-protein complex through ion-exchange 
celluloses. Disruption of this complex gave an enzymically 
active, but very unstable protein. Results indicated that 
there seemed to be a single ^ -glucosidase present in Stachy­
botrys atra culture filtrates. He therefore felt that many of 
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the "multiple enzyme components" in the similar systems re­
ported in the literature, which includes some earlier observa­
tions made by himself, may best be interpreted as a series of 
physically stable complexes, instead (31). 
On the other hand, reports on multiple cellulase systems 
continue to appear in the literature. Grimes et aJ. (32), 
using electrophoresis-convection fractionation, showed six 
components in the concentrated filtrate from cultures of 
Myrothecium verrucaria. At least two, and possibly three, 
hydrolyzed both cellulose sulfate and insoluble cellulose. He 
felt that the effect of pH changes on the activity of frac­
tions with widely different composition suggests a multi-
component system. Sison e_t al. (33) also showed two electro-
phoretically separable components from the culture filtrate 
of Poria vaillantii. The faster migrating component was iden­
tified as a cellulase and the slower-moving component as a 
y#-glucosidase, cellobiase. 
Compared to its fungal counterpart, the bacterial cellu­
lose digestion is poorly studied. 
Hungate (8), McBee (34) and Sijpesteijn (35) represent 
some of the pioneers in the studies of rumen bacterial cellu­
lose digestion. However, it was Kitts (36) and Underkofler 
(37) who first attempted to study the biochemical mechanism of 
these reactions. Glucose and a slight amount of xylose and 
cellobiose were detected by filter paper chromatography in the 
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fermentation medium of rumen microorganisms. Other cello-
oligosaccharides were not detected. Based on these findings, 
a three-step mechanism of cellulose breakdown by rumen micro­
organisms was postulated as follows : 
(a) Transformation of the insoluble cellulose molecule 
into linear polyanhydrocellulose chains ; 
(b) the breakdown of the linear hydrocellulose structure 
directly to cellobiose or glucose ; and 
(c) hydrolysis of cellobiose (if formed) to glucose. 
A cell-free cellulolytic enzymic extract was prepared. 
However, no attempt was made for its purification. 
Halliwell (38) prepared his cell-free extract by butanol 
extraction of a concentrated suspension and from freeze-dried 
powders of mixed rumen microorganisms. No further purifica­
tion was attempted. 
King (39) and Gill (40) prepared their rumen cellulase 
from the supernatant layers of centrifuged rumen fluid. Al­
though no definite purified product was obtained, they were 
able to -demonstrate the presence of at least three soluble 
cellulases in rumen ingesta, based on the results of paper 
electrophoresis. 
Ruminococcus albus was once studied by Leatherwood (41) 
However, purification of its cellulase was unsuccessful and 
its mode of action was not studied. To the knowledge of this 
student, Cellvibrio gilvus is the first, and perhaps the only 
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bacterial culture whose cellulase activity has been studied 
in regard to its mode of action. 
Hulcher and King (42, 43) observed a distinct preference 
for cellobiose over glucose of an aerobic cellulolytic bac­
terium, to which the name Cellvibrio gilvus n. sp. was given. 
With the demonstration of a cellobiose phosphorylase, the 
metabolic basis for this preference was explained by the 
hypothesis that while glucose was directly oxidized to glu­
conic acid, cellobiose was cleaved phosphorolytically and 
further metabolized by reactions leading to more complete 
oxidation and therefore to a greater yield of energy per mole 
of hexose consumed. 
Simultaneous changes in degree of polymerization of 
carboxymethyl-cellulose and the production of soluble reducing 
sugars demonstrated conspicuous differences between the mode 
of action of purified yf-l,4-glucan hydrolases from Cellvibrio 
gilvus and the random action of either phosphoric acid or a 
random-cleaving hydrolase from Myrothecium verrucaria (44). 
Detection of cellobiose on paper chromatograms as reaction 
products was taken as indication that attack by the enzymes 
from Cellvibrio gilvus might remove successive cellobiosyl 
moieties (42). 
More recent studies by Storvick and King (45) showed four 
electrophoretically distinguishable cellulase components from 
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Cellvibrio gilvus» The mode of action of one of these com­
ponents was studied. Analysis of the intermediates and pro­
ducts during hydrolysis of cellulose-oligosaccharides and 
chemically reduced cellulose-oligosaccharides indicated pre­
ferential attack, at the second and third glucosyl bonds from 
the nonreducing end of the polysaccharids, by this enzyme. 
Failure of trisaccharide to accumulate as an extracellular 
product in cultures growing on cellulose was left unanswered. 
The endwise attack described above as a mode of action 
is frequently postulated for other bacterial cellulases although 
evidences are mostly indirect (8, 36, 37, 41, 42, 43, 44, 45, 
46, 47, 48, 49, 50, 51). Among fungal cellulases, however, 
the opinions are diverse. While cellulases from Myrothecium 
verrucaria (29) and Trichoderma viride (52, 53, 54) are re­
ported to perform random attack on the cellulose chain, Irpex 
lacteus (55, 56) and Poria vaillantii (57) cellulases are con­
sidered to attack endwise. Reese further pointed out (58) 
that different components of a cellulase system may vary in 
their mode of actions. Therefore, the first fractions of 
Myrothecium verrucaria cellulases, when eluted from a cellu­
lose column, were highly active on shorter chains of cellulose-
dextrin, more resembling "endwise" action; later elutes were 
more active on longer chains, resembling a random action (59). 
In Trichoderma viride cellulases, fraction B is more active 
on longer chains, fraction C against shorter, while fraction A 
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showed about equal activity on long or short chains (52). 
Most of the endwise actions postulated for bacterial 
cellulases by early workers are based on findings such as 
capability of the cellulose digesting bacteria to utilize 
cellobiose directly and failure of detecting cello-oligosac­
charides in the fermentation medium. In the first case, the 
c apability of an organism to utilize cellobiose directly is 
taken as indication that an enzyme system must be present to 
make cellobiose available from cellulose substrate, which 
again indicates that cellobiose units are produced, through 
endwise cleavage, from the cellulose molecule. The inference 
so derived from the findings is somewhat vague. In the second 
case, the failure to detect other cello-oligosaccharides may 
very well be due to the insensitive analytical methods employed. 
Most workers used paper chromatography for the qualitative 
detection of reducing sugars formed (60, 26). However, due to 
slow mobility of these oligosaccharides on paper, this method 
requires multiple descending development for 48 hours. As a 
consequence, sugar spots are diffused and sensitivity is sacri­
ficed. Whitaker (61) therefore reported using 200 jig. of cel­
lobiose, 300 pg. of cellotriose, 400 jug. of cellotetraose and 
500 jug. of cellopentaose as reference sugar spots for his 
chromatogram. 
More recently, qualitative and quantitative determination 
of these cello-oligosaccharides has been developed by Miller 
(62), in which samples are eluted through a micro-column of a 
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mixture of Darco G-60 and Celite 545 with gradient concentra­
tions of ethanol. The method has been used satisfactorily by 
Storvick, Cole and King (45). According to Miller, this meth­
od requires careful standardization and control, such as 
strict exclusion of dirt and dust from fraction collector 
tubes and from reagent. 
Soon after the introduction of thin-layer chromatography 
as a procedure for analytical adsorption chromatography by 
Stahl (63), it was applied to the analysis of carbohydrates 
(64, 65, 66, 67, 68). Since the most important advantages of 
thin-layer chromatography are excellent sharpness of separa­
tion, high sensitivity, and great speed, (69), this seemed to 
be an excellent technique for the analysis of cello-oligosac­
charides. After careful search of literature, however, no 
available procedures were found. It is, therefore, the pur­
pose of this study to describe the development of such tech­
niques and to describe their application to the detection of 
cello-oligosaccharides that might be accumulated in the fer­
mented medium of cellulolytic bacterial culture. 
A thermophilic cellulose-digesting bacterial culture was 
originally isolated by Viljoen, Fred and Peterson (70). It 
was believed to be a pure culture and the name Clostridium 
thermocellum was given to the culture. The culture was later 
found to be mixed and subsequent attempts for its purification 
were made by McBee (47, 34) and Quinn (71). Pure cultures of 
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thermophilic and mesophilic bacteirial strains, picked as single 
colonies on nutrient agar plates, were obtained by frequent 
transfer of the mixed culture at 65°C and 37°C,respectively, 
in nutrient broth,followed by nutrient agar plating. Although 
individually, neither the mesophile nor thermophile digest 
cellulose, re-combination of a thermophilic strain with a 
mesophilic strain resulted in several pairs of cellulose-
digesting symbionts (71). One such symbiotic pair is tenta­
tively named C and E culture, which digests cellulose micro-
aerophilically with production of a yellow pigment. While the 
physiological peculiarities are being studied by other members 
of this laboratory, this student is attracted to its cellulose-
digesting ability. It is, therefore, chosen as the study 
organism for this thesis. 
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MATERIALS AND METHODS 
Organism and Medium 
As indicated in the previous paragraph, the culture used 
in this investigation was a pair of symbionts, composed of a 
thermophile (Culture C) and a mesophile (Culture E). Cultures 
C and E were derived from a thermophilic cellulose-digesting 
bacterial culture originally isolated and named Clostridium 
thermocellum by Viljoen, Fred and Peterson (70). 
Clostridium thermocellum was later found to be a mixed 
culture of thermophiles and was subsequently purified by 
McBee (34, 47) and by Quinn (71). 
In 1955, Quinn was able to isolate from CI. thermocellum 
pure cultures of thermophilic and mesophilic bacteria by agar 
plating techniques at appropriate temperatures, after rapid 
serial passage in nutrient broth medium, at both 65°C and 37°C. 
After several serial transfers with only a few hours of incu­
bation between transfers, the cultures were plated out on nu­
trient agar and incubated at 37°C for mesophilic growth and 
65°C for thermophilic growth. Pure thermophilic and mesophil­
ic bacterial strains were picked as single colonies from the 
nutrient agar plates after 24 hours of incubation. One of the 
thermophilic isolates (Culture C) when recombined with an iso­
lated mesophile (Culture E) digested cellulose microaerophil-
ically with production of a yellow pigment. This mixed symbiont 
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culture has been designated as C and E culture, but is in­
distinguishable from CI. thermocellum. 
The medium used to grow and carry stock of C and E orig­
inally developed (71) and subsequently modified (72) by Quinn 
had the following composition: (Medium D-58) - Yeast ex­
tract 0.45%; (NH4)2S04 0.13%; CaCl2 0.013%; MgCl2.6H20 
0.26%; KH2P04 0.143%; K2HP04.3H20 0.72%; Cellulose powder 0.1 
or 0.15%, pH 7.0. A simple and chemically defined medium 
was also employed in the later experiments. It has the 
following composition: (Medium K^q) - Kinetin 0.01 ppm; Na-
glycerophosphate 0.6%; (NH4)2S04 0.13%; CaClg 0.013%; MgCl2. 
6H20 0.26%; KHgP04 0.143%; K2HP04.3H20 0.72%; Cellulose powder 
0.1 or 0.15%, pH 7.0 (73). . 
The C and E culture was grown at 65° C in 250 ml Brlen-
meyer flasks with 100 ml of medium and 1% inoculation rate was 
routinely employed. When Medium D-58 was used and the flask 
was cotton plugged, growth was vigorous after two days of in­
cubation. At the end of five days incubation, more than 80% 
of the cellulose was solubilized. When Medium K^q was used, 
however, cellulose digestion was not obvious until after in­
cubation for at least two weeks with the screw-capped flask 
tightly sealed. 
Chemicals and Reagents 
The reference sugars of cellotriose, cellotetraose and 
cellopentaose, which were used in chromatographic studies, were 
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kindly supplied by Dr. E. T. Reese and Dr. G. L. Miller of the 
U. S. Array Quartermaster (74). These rare compounds were 
available only in the amount of 173.5 mg., 94.5 mg. and 164 
mg. (high moisture content) respectively. 
At an early stage of this study, attempts were made to 
prepare these cello-oligosaccharides by methods of Wolfrom and 
Dacons (75). and of Whitaker (27). In Wolfrom*s method, cellu­
lose was first acetolyzed by acetic anhydride and sulfuric 
acid. The cellulose acetolysate was developed into zones of 
individual sugar ,acetates on a column of "Silene EF,f with ben­
zene :pyridine (100:1 V/V) as the developer. Elution and de-
acetylation of the sugar acetates gave rise to free sugars. 
Cello-oligosaccharides of up to seven glucose units were re­
ported obtainable by this method (75). In Whitaker's method, 
cellulose was acetolyzed and subsequently deacetolyzed into 
mixture of cello-oligosaccharides. This sugar mixture was 
then fractionated by the method of Whistler and Durso (76) on 
a Celite 535 - Darco G60 charcoal column with ethanol of in­
creasing concentrations as-eluent. Improvements of the above 
methods were attempted by G. L. Miller of the U. S. Army Quarter­
master and by Ke (77) at approximately the same time. Since no 
significant advantage of the method employed by Ke was found 
over the one reported by G. L. Miller in I960 (74), details of 
Ke * s method have not been described herewith. 
Other reagents than oligosaccharides were obtained com­
18 
mercially in reagent grades as follows : Glucose from Pfan-
stiehl Laboratories, Inc., Waukegan, Illinois ; Cellobiose from 
Mann Research Laboratories, Inc., New York, N. Y.; "Avicel" 
microcrystalline cellulose from American Viscose Corporation, 
Marcus Hook, Penn.; all materials for thin-layer chromato­
graphy (T.L.C.) including Silica Gel H and Kieselghur G, from 
Brinkman Instruments Inc., Great Neck, N. Y.; Amberlite 
IR120CH), a strong cation exchange resin, from Rohm and Haas 
Company, Philadelphia, Penn.; Rexyn RG3(0H), a weak base or­
ganic anion exchanger, from Fisher Scientific Company, Fair 
Lawn, N. J. 
Analytic Procedures 
Anthrone test 
For the determination of total carbohydrates, the improved 
anthrone method by Loewus (78) with slight modification was 
employed. Careful consideration should be given to temperature 
control in this method (79). 
Reagents Concentrated sulfuric acid, 2% anthrone in 
ethyl acetate, 66% sulfuric acid. 
Procedure Cone. HgS04 2.5 ml was placed in each of 
the 18 x 150 mm test tubes graduated at 20 ml. The tubes were 
placed in an ice bath. Anthrone solution 0.25 ml and carbo­
hydrate solution 1 ml were then carefully layered into the 
tubes. When all tubes were ready, they were taken out of the 
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ice bath,contents were thoroughly mixed, then tubes were placed 
immediately in a boiling water bath, and were heated for ex­
actly 10 minutes, followed by rapid cooling in a pan of cold 
water. The contents of all tubes were diluted with 66% H2SO4 
to exactly 20 ml. The developed colors were read at 620 mp 
in a B and L Spectronic 20 spectrophotometer against a dis­
tilled water-reagent blank. A standard colorimeter tube of 
19 x 150 mm size was used for all the readings. 
Standard curve A standard curve for the anthrone test 
was constructed by plotting optical density readings against 
weight of glucose (jig per ml) in the samples. Data showing 
the standard curve obtained in anthrone method are presented 
as Table 1 and Figure 1 which shows a straight-line relation­
ship from 0 to 300 pg of glucose, the slope of the line being 
291 jig of glucose per unit optical density. 
Table 1. Optical density readings of glucose concentrations 
for anthrone standard curve 








5 = 175 
Y/X = 175/. 600 = 291 
1 2 3 4 5 6 7 mean 
.180 .180 .175 .170 .170 .170 .170 .174 
.340 .355 .355 .360 .345 .350 .350 .350 
.505 .505 .505 .505 .505 .505 .510 .506 
.685 .680 .680 .685 .680 .680 .685 .682 
.860 .860 .860 .870 .870 .860 .870 .864 
.990 1.010 1,050 1.050 1.010 1.050 1.000 1.020 









0 2 4 8 6 1.2 1.0 
0 . D.. 
Figure 1. Standard curve for anthrone test 
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Micro-Somogyi test 
For the determination of reducing sugars, Nelson's (80) 
photometric adaptation of the Somogyi method (81) was used 
with slight modifications. 
Reagents 
Copper Reagent A This reagent is prepared as 
follows : Dissolve 25 g. of NagCOg (anhydrous), 25 g. of 
Rochelle salt, 20 g. of NaHCOg, and 200 g. of NagSO^ (anhy­
drous) in about 800 ml. of water and dilute to 1 liter. Filter 
if necessary. This solution should be stored where the tem­
perature will not fall below 20°C. A sediment may form after 
a few days. This may be filtered off without detriment to the 
reagent. 
Copper Reagent B This consists of 15% CuSO^.SHgO 
containing one or two drops of concentrated sulfuric acid per 
100 ml. 
Arsenomolybdate color reagent This reagent is 
prepared as follows: Dissolve 25 g. of ammonium molybdate in 
450 ml. of distilled water, add 21 ml. of concentrated HgSO^, 
mix, add 3 g. of Na^HA^C^.dissolved in 25 ml. of HgO, 
again mix, and place solution in an incubator at 37°C for 24 
to 48 hours to ripen. This reagent should be stored in a glass-
stoppered brown bottle. 
Procedure 1 ml. of the sugar samples is pipetted into 
18 x 150 mm. size test tubes graduated at 20 ml. One ml. of 
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a mixture (prepared on the day of use) of 25 parts of Reagent 
A to 1 part of Reagent B is added. One ml of distilled water, 
to serve as a blank, is set up in the same way. The solutions 
are mixed and heated for 20 minutes in a boiling water bath 
followed by cooling in a pan of cold water. One ml of the 
arsenomolybdate reagent is then added to each. The color de­
velops very rapidly and development is complete by the time 
thorough mixing with evolution of COg has taken place. The 
mixture is then diluted with water to the 20 ml mark, mixed, 
and read in a B and L Spectronic 20 spectrophotometer at 525 mp 
using a 19 x 180 mm. colorimeter test tube. The photometer 
should be adjusted so as to read 0 optical density through the 
distilled water-reagent blank. 
Standard curve A standard curve for the micro-Somogyi 
test was constructed by plotting optical density readings 
against weight of glucose (jig. per ml.) in the samples. Data 
concerning the standard curve of micro-Somozyi method are pre­
sented as Table 2 and Figure 2 which shows a straight line re­
lationship from 0 to 300 jjg. of glucose, the slope of the line 
being 238 jag. of glucose per unit optical density. 
Thin layer chromatography 
Adsorbents Commercial silica gel H and Kieselguhr G 
were both used for this study without further purification. 
When not in use, they were stored in their original plastic 
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Figure 2. Standard curve for micro-Somogyi test 
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Table 2. Optical density readings of glucose concentrations 
for micro-Somogyi standard curve 
Concn. of glucose Optical density readings 
(pg/ml.) 1 2 3 4 Mean 
50 .200 .210 .190 .200 .200 
100 .430 .400 .400 .400 .408 
150 .660 .640 .620 .600 .630 
200 .850 .860 .850 .830 .847 
250 1.000 1.097 1.022 1.046 1.040 
300 1.301 1.301 1.301 1.301 1.301 
Y = 175 X = 0.736 
Y/X = 175/0.736 =238 
containers and placed in an empty glass desiccator to avoid 
adsorption of extraneous impurities from the air. 
Glass plates Heavy mirror glass cut to sizes of 5 x 
20 cm and 20 x 20 cm were used in this study, although com­
mercially available glass plates of the same sizes may be 
equally satisfactory. 
Preparation of thin-layer In the case of Silica gel 
H, 30 g. of the adsorbent were shaken with 75 ml. of distilled 
water in a ground glass stoppered flask to make an evenly dis­
persed slurry. This slurry was then applied to the glass 
plates with a Brinkman adjustable applicator to form a layer of 
300 ji thickness. The plates were allowed to air dry for 5 to 
10 minutes before being stored in a sealed glass jar. They 
were activated by heating in the oven at 105°C for 30 minutes 
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immediately prior to use. In the case of Kieselguhr G, 30 g. 
of the adsorbent were shaken with 60 ml. of distilled water for 
exactly two minutes before the resulting slurry was applied 
to the plates. The plates were then air dried, stored and ac­
tivated the same way as Silica gel H plates. 
Solvents A variety of solvent systems were used in this 
study. Compositions of these solvent systems is given in the 
section entitled Experimental. 
Reagent grade n-butanol and 95% ethanol were used without 
further treatment. Pyridine was dried over NaOH pellets before 
use. 
Spraying reagents The carbohydrate detection reagent 
of Stahl and Kaltenbach (66) was used. It was prepared by mix­
ing 5 ml. of p-anisaldehyde, 5 ml. of concentrated H2SO4, 90 
ml. of 95% ethanol, and 1 ml. of glacial acetic acid. The 
aniline phthalate reagent (82) was also used but found to be 
less sensitive than the anisaldehyde reagent. 
Developing tank For 20 x 20 cm plates, the T. L. C. 
Chromatank available from Consolidated Laboratories, Inc., 
Chicago Heights, 111. was used. For 5 x 20 mm. plates, any 
chromatographic jar of adequate size can be used conveniently. 
Procedure The desired volumes of sugar solutions were 
applied to the plates with a micropipette with the aid of an 
air blower. The plates were allowed to develop without prior 
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equilibration until the solvent was 10 cm past the spotting 
points, which were 2 cm. above the lower edge of the plate. 
The plates were then air-dried in a horizontal position. Af­
ter application of the detection reagent, the plates were heat 
ed in the oven at 105°C for 25 minutes. 
Recording The developed chromatoplates were recorded 
photographically on Kodak Plus X film or Kodak High Contrast 
copy films and negatives were printed on Kodak Medalist photo­
graphic papers (F2 or F3). 
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EXPERIMENTAL 
Thin-Layer Chromatography of Cello-oligosaccharides 
Since no described procedure was found in the literature 
for thin-layer chromatography of cello-oligosaccharides, the 
first objective of this study was the derivation of such a 
procedure. To arrive at a satisfactory thin-layer chromatograph­
ic technique, the following factors must be considered: the 
use of proper adsorbent, the use of proper solvent system, the 
effect of heat activation of the adsorbent layer, the pre-
equilibration of the developing tank. In the case of separating 
a series of homologous compounds such as cello-oligosaccharides, 
it is desirable to obtain a chromatogram in which the lowest 
member of the series is able to travel far enough from the base 
line to permit wide separation of each of the higher homologs. 
Silica gel H Thin-layer chromatography 
Silica gel H was chosen as adsorbent because of its ab­
sence of binder CaSO^, its excellent adhesiveness, its fast 
development, and therefore, less spot-diffusion, and above all, 
the reported success of silica gel in the separation of other 
carbohydrates (65j 83). 
Butanol:ethanol:water (50:40:10 by volume) mixture was 
chosen as the solvent system because of its successful appli­
cation in paper chromatography of these cello-oligosaccharides 
(26).  
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Five jig. each of the known sugars, including glucose, 
cellobiose,cellotriose, cellotetraose and cellopentaose, as 
well as a mixture of all five sugars, mixture oi the first 
three sugars and mixture of the last three sugars were applied 
to the Silica gel H plate and were developed in the above men­
tioned solvent system. 
For the convenience of data presentation, the following 
abbreviations will be used throughout the rest of this thesis : 




G4 — cellotetraose 
G^ cellopentaose 
But. butanol 
EtOH ethanol (95%) 
Pyr. pyridine 
Figure 3 shows the resultant chromatograms from the 
above-mentioned experiment. Rf values of each sugar spot are 
listed in Table 3 . 
These data show that satisfactory separation of glucose, 
cellobiose, cellotriose and cellotetraose has been achieved. 
However, cellopentaose remained at the origin. Contamination 
of these oligosaccharides with their immediate neighboring 
homologs is also observed. 
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A B O D E  
Figure 3. Thin layer chromatography of cello-oligosaccharides 
on silica gel H. developed in But.iEtOHiHgO (5:4:1) 
A = Gi E = G5 
B = 63 F = Gi » G2, G3, G4, G5 
C — Go G = Gjl y G^ > G3 
D = G4 H = G3, G4, G5 
Adsorbent = silica gel H 
Solvent = But.ŒtOHîH^O (5:4:1) 
Film = Kodak plus X 
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Table 3. Rf values of cello-oligosaccharides on silica gel H 
T. L. C. 
Contents of Rf values 









gI ^  G5 .58 .44 .30 .18 
— ~ 
Gi-G3 .58 .44 .30 
G3 " G5 .30 CO
 0 
— — 
Since glucose moves only 58% of the total distance of 
the solvent front and cellopentaose does not seem to have 
moved with this procedure, multiple development in the same 
solvent system was carried out in an attempt to improve re­
solution of oligosaccharides. Figure 4 shows the chromatogram 
obtained in such an experiment in which the plate was prepared 
the same way as in the previous experiment except that after 
the solvent had travelled 10 cm. above the base line the plate 
was removed from the tank, air dried in a horizontal position, 
and redeveloped in the same solvent until the solvent front 
reached the 10 cm. line, again. Table 4 shows the Rf values 
obtained from Figure 4. 
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Figure 4. Thin layer chromatography of cello-oligosaccharides 
















— G3 ~ G5 
Adsorbent = silica gel H 
Solvent = But.:EtOH:HoO (5:4:1) 
No. of development = 2 
Film = Kodak plus X 
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Table 4. Rf values of cello-oligosaccharides on silica gel H 
T. L. C. developed twice in But.îEtOHîB^O (5:4:1) 
Contents of Rf values 





G5 - .22? 
GI ~ G5 .78 .64 .46 .33 ? 
G1~G3 .78 .63 .45 
G3^ G5 .46 .33 ? 
From these data, it is evident that Rf values of Gi, Gg, 
G3 and G4 are increased by the additional development. The 
mobility of G5 however, is still doubtful. Considerable tail­
ing, especially with G3, G4 and G5 are noted also. 
Since it was reported that the cello-oligosaccharide 
preparations were contaminated with stearic acid, which was a 
component of the column packing (45), it was suspected that 
the tailing effect in these chromatograms might be due to 
existence of other inorganic salts in these sugar preparations. 
Therefore, in the next experiment, EDTA (disodium salt of 
ethylenediaminetetraacetic acid dihydrate) was added to the 
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sugar solutions in trace amount before they were applied to 
the silica gel H plate in the hope that the binding power of 
EDTA with inorganic salts might eliminate the tailing effect. 
The result was obviously unsatisfactory as indicated in Figure 
5. 
An attempt was next made to increase the mobility of these 
sugars by increasing the water content and thus increasing the 
polarity of the solvent system. Figure 6 shows a chromatogram 
with the plate developed in But.iEtOHiHgO (5:3:2) with aniline 
phthalate as the spraying reagent. Table 5 shows the Rf values 
obtained from Figure 6. 
Table 5. Rf values of cello-oligosaccharide on silica gel H 
T. L. C. developed in But.:Et0H:H20 (5:3:2) 
Contents of Rf values 




G4 , .33 
G5 .24 
GI^ G5 .59 .48 .39 .31 .24 
Gl~ G3 .59 .50 .40 
G3' ' G5 .42 .35 .27 
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Figure 5. Effect of EDTA on thin layer chromatography of cello-
oligosaccharides on silica gel H developed in But.: 
Et0H:H20 (5:3:2) 
A — G4 E — G3 G5 
B = G5 F = G5 with EDTA 
C = Gi ^ G5 G — G 5 with EDTA 
D = Gi'-vGg H — G3G5 with EDTA 
Adsorbent = silica gel H 
Solvent = But.:Et0H:H20 (5:4:1) 
Film = Kodak plus X 
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Figure 6. Thin layer chromatography of cello-oligosaccharides 
on silica gel H developed in But.iEtOHiHgO (5:3:2) 
A — G]_ E = G5 
B — G2 F = GJ_ Z-W G5 
C — G3 G — GJ[/-V G3 
D — G4 H = G3 
Adsorbent = silica gel H 
Solvent = But.:EtOH:H20 (5:3:2) 
Spraying reagent = amxline phthalate 
Film = Kodak plus X 
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From these data, it is evident that the mobility of these 
sugars is increased in the order of their degree of polymeriza­
tion. This resulted in a crowded chain of spots when mixtures 
of sugars are chromatographed. It was also noted that aniline 
phthalate reagent is less sensitive than p-anisaldehyde, as 
with the latter the sugar spots appear to be smaller and more 
distinct and also, tailing and the contamination from neighbor­
ing sugars are not visible. 
Figure 7 shows the unfavorable effect of developing plates 
in a pre-équilibrated tank, as spots on this chromatogram tend 
to diffuse. 
In other experiments, where photographic records were not 
kept, our results were contrary to the findings of Kelemen 
and Pataki (84) who reported that for hydrophilic compounds, 
air dried silica gel plates gave better reproducibility than 
plates activated at 110°C. All air dried plates showed extensive 
tailing and smearing, regardless of what solvent system they 
were being developed by. 
Figure 8 shows a chromatogram where the plate was develop­
ed in But.:Et0H:H20 (5:3.5:1.5). No obvious improvement over 
the previous solvent system was achieved with this modification. 
Although pyridine is widely used as a solvent component 
in the chromatography of other carbohydrates, this solvent is 
not satisfactory in silica gel H T. L. C. of cello-oligosacchar­
ides . 
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B C D H 
Figure 7. Effect of pre-équilibrated tank on thin layer 
chromatography of cello-oligosaccharides on silica 
gel H 
A = G, E = G5 
B = G2 F — GJ_^V- G 5 
C = G3 G — GJ[ --V- G3 
D — G4 H ~ GG^-V/ G5 
Adsorbent = silica gel H 
Solvent = But.:Et0HïH20 (5:3:2) 
Tank = pre-equilibrated 




* 3.S-, Af , 
p-AniibJ«e.hyc(e. 
Figure 8. Thin layer chromatography of cello-oligosaccharides 
on silica gel H developed in But.:EtOH:HoO (5:3.5: 
1.5) ^ 
A  E  —  G 5  
B — 63 F — -V* G 5 
C = G3 G — G^ZV G3 
D = G4 H — GG'-I/GJ) 
Adsorbent = silica gel H 
Solvent = But.:Et0H:H20 (5:3.5:1.5) 
Film = Kodak plus X 
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Figure 9 shows a chromatogram where the plate was devel­
oped in But.:Pyr.:H20 (75:20:10). 
Figure 10 shows a chromatogram where the plate was devel­
oped in But.:Pyr. (75:25). 
Other solvent systems that have been tested and the Rf 
values obtained therefrom are presented in Table 6. The photo­
graphic records of the actual chromatograms are not presented 
as they do not provide any additional feature of the chromato­
grams presented thus far, and they do not show appreciable im­
provement over the earliest attempt where But.:Et0H:H20 (5:4:1) 
was used as solvent. 
Table 6. Rf values of cello-oligosaccharides on silica gel H 
T. L. C. developed in various solvent systems 
Rf values 
Solvent systems Gl G2 g3 G4 G5 
But.:Pyr .:H20(70:15:15) .54 .42 .32 ?a ?a M IT •" (65:15:20) .59 .46 ?a ?a ?a 
.13 
But.:Et0H:Ho0(70:15:15) .41 .20 .13 .06 0 
tt tt M (65:15:20) .42 .23 .12 .06 0 
V V V (50:35:15) .54 .43 .33 .24 ?a 
EtOH:HoO (65:35) no separation 
ft n (60:40) it tt 
It IT (55:45) it tt 
ft tt (50:50) it IT ii ii (45:55) tt tt 
^Position of the spot uncertain due to heavy tailing 
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Figure 9. Thin layer chromatography of cello-oligosaccharides 
















g3-^  G5 
Adsorbent = silica gel H 
Solvent = But.:Pyr.:H20 (75:20:10) 
Film = Kodak plus X 
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A B C D E F G H  
Figure 10. Thin layer chromatography of cello-oligosaccharides 
on silica gel H developed in But.:Pyr. (75:25) 
A = Gi E = G5 
B = Gg F — Gi >v G5 
C = G3 G — Gi-~ G 3  
D — G4 H — 63^65 
Adsorbent = silica gel H 
Solvent = But.:Pyr. (75:25) 
Silm = Kodak plus X 
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Kieselguhr G thin-layer chromatography 
Kieselguhr G is one of the earliest adsorbents used for 
the separation of carbohydrates on T. L. C. (66). The success­
ful separation of mixture of malto-oligosaccharides by this 
adsorbent reported by Weill and Hanke (68) raised strong en­
couragement that the same success might be achieved in the 
separation of cello-oligosaccharides. The following experi­
ments prove that this is indeed the case. 
Since Rf values of individual sugars were quite repro­
ducible whether they were measured from spots of a single sugar 
or from a sugar mixture, only a glucose spot, a spot of mix­
ture of reference Gj^G^ and a spot of a crude cello-oligosac-
charide mixture prepared by Ke*s method (77), were applied on 
a 5 x 20 cm. Kieselguhr G thin-layer plate, and plates were 
developed in various solvent systems. The resultant chromato-
grams are presented in part in Figure 11 and Figure 12, and the 
Rf values obtained from these chromatograms are presented in 
Table 7. 
From these data, it is evident that the best solvent sys­
tem for the separation of cello-oligosaccharides of up to five 
degrees of polymerization is But.:Et0H:H20 (65:15:20) in which 
each sugar is separated distinctly, 1.0^1.5 cm. apart. Repeti­
tion of the same procedure shows that the Rf values are re­
producible when the thickness of the adsorbent layer and the 
temperature of the developing tank are kept constant. Other 
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Figure 11. Thin layer chomatography of cello-oligosaccharides 
on Kieselguhr G. I. 
A,D,G,J,M = Gi 
B,E,H,K,N = Gi^Gs 
C,F,I,L,0 = cello-oligosaccharide mixture (Ke) 
Adsorbent = Kieselguhr G 
Solvent = A,B,C But.:Pyr.:H20 (70:15:15) 
D,E,F But.:Pyr.:H20 (65:15:20) 
G,H,I -—But. :EtOH:H2o (70:15:15) 
J,K,L —-But.:EtOH:H20 (65:15:20) 
M,N,0 ---But.:BtOH:H20 (50:35:15) 
Film: Kodak High Contrast Copy 
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Figure 12. Thin layer chromatography of cello-oligosaccharides 
on Kieselguhr G II 
A,D,G — GJ_ 
B, E,H = G^—'g5 
C,F,I = Cello-oligosaccharide mixture (Ke) 
Adsorbent = Kieselguhr G 
Solvent = A,B,C—But.:Bt0H:H20 (65:15:20) 
Film = Kodak High Contrast Copy 
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Table 7. Rf values of cello-oligosaccharides on Kieselguhr G 
T. L. C. developed in various solvent systems 
Solvent system Rf values 
G1 g2 G3 G4 g5 
But. :EtC>H:H20(50:40:10) 90 81 61 33 0a 
» " " (50:30:20) 97 91 86 78 63 
V V ft (50:35:15) 93 85 72 55 30 
" V " (65:15:20) 94 84 72 58 43 
" " " (70:15:15) 89 76 57 36 18 
But.:Pyr.:H20(75:15:10) 95 82 60 23 0a 
"* " « (70:15:15) 92 78 57 31 18 
V V V (65:15:15) 91 82 68 51a 31a 
^Position of the spot uncertain due to heavy tailing 
solvent systems may separate these sugars with less regular 
distances, such as in the case of But. :Pyr. :H2o (70:15:15) 
where G3 is 2.1 cm. apart from G2 and 2.6 cm. apart from G4, 
and in the case of But.:Et.:H20 (50:35:15) where G4 is well 
isolated from its neighboring homologs. Therefore, advantage 
may be taken of these features for the isolation of a particu­
lar cello-oligosaccharide by varying the composition of the 
solvent system. 
Detection of Cello-oligosaccharides in 
the Filtrate of C and E Culture 
Accumulation of soluble carbohydrates in D-58 medium 
Before qualitative analysis of cello-oligosaccharides in 
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the filtrate of C and E culture grown in the presence of cel­
lulose as the main carbon source, were conducted, it was de­
sirable to obtain maximum accumulation of these soluble inter­
mediates in the filtrate. To achieve this goal, it was nec­
essary to increase the rate of cellulose hydrolysis on one 
hand, and decrease the further breakdown of these soluble 
sugars on the other hand. In order to increase cellulose 
hydrolysis, the incubated flask was occasionally shaken to as­
sure thorough contact of the growing organisms with the in­
soluble cellulose substrate which otherwise forms a compact 
sediment not easily penetrated by the cellulolytic bacteria, 
which apparently must come into direct contact with cellulose 
before cellulose digestion can occur. Pre-treatment of the 
"Avicel" macrocrystalline cellulose by homogenization of a 2% 
suspension of Avicel in the Waring blender for 30 minutes be­
fore incorporation into the D-58 medium for the cultivation of 
C and E culture was also attempted. In order to decrease the 
further breakdown of the intermediary oligosaccharides, toluene, 
in the amount of 10 ml. per 100 ml. of medium, was added to 
the culture flask after 48 hours of incubation, a stage when 
growth was vigorous. At the end of 96 hours of incubation, 
samples were drawn from each flask (including those with and 
without the above treatments), deproteinized by heating in 
boiling water bath for 30 minutes, followed by centrifugation. 
Total soluble carbohydrates in these samples were determined 
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by the anuthrone method. Results are presented in Table 8. 
From these data it is apparent that both shaking and addition 
of toluene increase accumulation of soluble carbohydrates, 
while homogenized Avicel does not further increase the amount 
of accumulation of soluble carbohydrates. 
Table 8. Soluble carbohydrates accumulated in the C and E 
culture filtrate, as determined by anthrone method 
No. of Occasion­ In- Toluene Cellu­ Anthrone 
flask al shak­ nocu- added lose glucose 
ing lum after 48 homo­ mg/ml 
hours genized 
1 — — + 0.393 
2 - + - - 1.265 
3 - + + - 3.660 , 
4 + - - - 0.329 
5 + + - - 2.330 
6 + + + - 4.950 
7 + + - + 3.920 
8 + + + + 5.010 
9 - - - + 0.335 
10 — — + + 0.306 
Demineralization and T. L. C. of the cultured medium 
Although sugars are not ionized and therefore should pass 
through an ion exchange resin column, while the inroganic ions 
are retained, sugars are reported to be taken up by a strong 
anion exchange resin if it is not converted to the HCOg-cycle 
(85). Dowex-2 (OH-cycle) and IRA-400 (OH-cycle) also cause the 
formation of lactic acid and other artifacts (86). Use of a 
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weaker anion exchanger successfully in the desalting of sugar 
solutions also has been reported (87). Therefore, for the de-
ionization of cultured medium, Amberlite IR-120 (H-cycle) and 
Rexyn RG3 (OH-cycle) were chosen to remove cations and anions, 
respectively. 
Result of a preliminary experiment shows that excessive 
use of even a weak anion exchange resin will remove sugars 
from the filtrate. It is therefore desirable to determine the 
minimal amount of resin necessary to produce desalted filtrates 
suitable for production of a good chromatogram. 
Flask No. 8 in Table 8 of the previous experiment, which 
had the highest accumulation of soluble carbohydrates, was 
selected as the subject for the attempt at deionization. The 
medium was first deproteinized by heating in a boiling water 
bath for 30 minutes, then,deionized batchwise by the addition 
of a measured amount of cation (10 ml. of wet resin per 100 
ml. of medium), filtration, addition of a measured amount of 
anion (10 ml. of wet resin per 100 ml. of medium), and filtra­
tion. The process was repeated for three times. The anthrone 
test, the Micro Somogyi test and T. L. C. on Kieselguhr G 
with But.îEtOHîH^O (65:15:20) as solvent were performed after 
every step to determine the minimal amount of ion exchanger 
necessary for a good chromatogram. Results showed that ap­
proximately 3 ml. each of the wet Amberlite IR 120 and Rexyn 
RG 3 were needed to deionize 10 ml. of the culture filtrate. 
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Figure 13 shows some of the chromatogramsmade during the de-
ionization test. The point K and point L in Figure 13 show 
the presence of cellotriose and cellotetraose in this prepara­
tion, beyond a doubt. Figure 14, which is an enlargement of 
these points, shows further evidence for the existence of 
cellopentaose in this preparation. The concentration of these 
sugars decreases with increase in the degree of polymerization. 
An attempt has been made to increase the concentration of 
the higher sugars by evaporating the deionized medium to dry­
ness at room temperature, washing with 98% ethanol, and re-
dissolving the residue in a small amount of water. It was 
hoped that the solubility difference of these sugars in ethanol 
would effect removal of most of the glucose and cellobiose in 
the preparation therebyincreasing the relative concentration 
of the higher sugars. The result was, however, unsatisfactory, 
since all sugars are lost in this treatment, as is shown on 
point N and 0 in Figure 13 and Figure 14. 
Quinn, Gates and Beers (73) recently reported support of 
cellulose digestion by C and B culture in a kinetin-supplement-
ed basal medium (k^Q medium). It seemed therefore, desirable 
to determine whether the same intermediary cello-oligosacchar-
ides are accumulated in the culture filtrate obtained with this 
highly simplified medium. 
A culture of C and E was inoculated into k^q medium con­
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Figure 13. Thin layer chromatographic detection of cello-oli-
gosaccharides in the C and E cultured D-58 medium 
A = D-58 medium control, 5 pi. 
B = culture filtrate, not deionized, 5 pi. 
C — 
D = D-58 medium control, 5 pi. 
E = culture filtrate, deionized batchwise once, 5pl. 
F = gi<-vg5, 5 pg. each 
G — Gjl, 5 pg• each 
H = culture filtrate, deionized batchwise twice, 5ul. 
I s » » " » » 20 pl. 
J = G^x-vGs, 5 /ig. each 
K = culture filtrate, deionized batchwise three 
times, 5 pi. 
L = same as K, 20 pi. 
M = Gi^/Gj), 5 ug. each 
N = culture filtrate, deionized, evaporated to dry­
ness, extracted with 98% ethanol, redissolved 
in water, 5 ul. 
0 = same as N, 2u pi. 
Adsorbent: Kieselguhr G Solvent: But.:EtOH:H2Û 
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Figure 14. Enlarged thin layer chromatographic detection of 
cello-oligosaccharides in the C and E culture 
D-58 medium 
J = Gj 5 f ig. each 
K = culture filtrate, deionized batchwise three 
times, 5 pi'. 
L = same as K, 20 jil. 
M = ^ G5, 5 pg. each 
N = culture filtrate, deionized, evaporated to 
dryness, extracted with 98% ethanol, redis-
solved in water, 5 pi. 
0 = same as N, 20 pi. 
Adsorbent = Kieselguhr G 
Solvent = But.:EtOH:H20 (65:15:20) 
Film = Kodak High Contrast Copy 
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incubated at 65°C for a prolonged period. Sub-culture into 
another flask of k^Q medium was made after one month of incu­
bation. After the sub-cultured flask was incubated for one 
month, the cultured medium was deproteinized by heating at 
100°C for 30 minutes, followed by deionization with 20 ml each 
of the wet Amberlite IR-120 and Rexyn RG 3. Five jul,, 15 jul. 
and 25 pi. of the preparation were then applied to the Kiesel-
guhr G plate along side the reference sugar mixture, and the 
plate was developed in But.:Et0H:H20 (65:15:20). The developed 
chromatogram is presented as Figure 15. 
The points G and H in Figure 15 show the presence of cel­
lotriose and cellotetraose, beyond doubt. The presence of a 
fifth spot in the chromatogram of point H is also notable, al­
though the identity of this spot as cellopentaose when judged 
by its Rf value is not clear. 
Digestion of Cello-oligosaccharides by C and E Culture 
In order to establish the fact that these cello-oligosac­
charides detected in the cultured filtrate of C and E are in­
termediary metabolites of cellulose digestion, it is necessary 
to show that these sugars are eventually further broken down 
and metabolized. 
To test for this, 10 ml. of D-58 medium without cellulose 
were placed in cotton plugged test tubes, and 10 mg. each of 
the cello-oligosaccharides was added to the tubes, which were 
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A B C D E F G H 
Figure 15. Thin layer chromatographic detection of cello-
oligosaccharides in the C and E culture in K^ Q 
medium 
A = G]y—G5, 5 /ig. each 
B = culture filtrate of k^Q medium, deionized, 5 pi. 
C = same as B, 15 /til. 
D = Gi^vGg, 5 jig. each 
E = same as B, 25 /jl. 
F = G^^Gg, 5 jig. each 
G = same as B, 15 pi. 
H = same as B, 25 jul. 
Adsorbent:= Kieselguhr G 
Solvent = But.:EtOH:HoO (65:15:20) 
Film = Kodak High Contrast Copy 
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run in duplicate. After sterilization, one set of the tubes 
was inoculated with C and E culture and incubated with the 
other control (uninoculated) set of tubes. 
One ml. samples were drawn from each tube at 0 hours and 
48 hours of incubation. The anthrone test, micro Somogyi test, 
and T. L. C. were performed for each sample. Results are pre­
sented in Table 9 and Table 10 and in Figure 16 and Figure 17. 
Table 9. Anthrone and micro Somogyi determinations at zero 




of Substrate Anthrone 
(pg/ml 
glucose MicroSomogyi glucose 
(pg/ml) 
Control Inoculated Control Inoculated 
1 gl 1,480 1,455 1,275 1,275 
2 gg 1,570 1,585 780 790 
3 g3 1,555 1,525 472 496 
4 g4 1,310 1,310 342 350 
5 g5 1,570 1,570 283 278 
6 Avicel 239 239 12 24 
7 no sugar 248 248 12 0 
Table 10. Anthrone and micro Somogyi determinations at 48 




of Substrate Anthrone 
(pg/ml 
glucose Micro Solog} 
(pg/ml, 
/i glucose 
Control Inoculated Control Inoculated 
1 Gl 1,455 320 1,300 52 
2 g2 1,570 355 790 66 
3 g3 1,540 393 472 71 
4 g4 1,325 420 330 59 
5 g5 1,540 393 278 66 
6 Avicel 262 320 47 52 
7 no sugar 262 256 47 47 
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A B C  D E . F  G  H  I  J K L  M  N O  
Control ' 1 Inoculated 
Figure 16. Thin layer chromatography at zero hour of C and E 
culture medium of cello-oligosaccharides 
A = Gi^G$, reference sugar 
B,I = medium containing Gl 
C,J = » " G2 
D,K = " " G] 
E,L = " " G4 
F,M = » " G5 
G,N = " » Avicel 
H,0 = " " no sugar 
Adsorbent = Kieselguhr G 
Solvent = But.:Et0H:H20 (65:15:20) 
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A B C D E F G H I  J  K  L  M  N O  
I—- Control 1 I Inoculated—* 
Figure 17. Thin layer chromatography at 48 hours of C and E 
culture medium of cello-oligosaccharides 
A = reference sugar 
B,I = medium containing Gl 

















Adsorbent = Kié selguhr G 
Solvent = But.:Et0H:H20 (65:15:20) 
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These data show that , Gg, G3, G4 and G5 all disappeared 
from the culture medium, which indicated that these compounds 
are metabolized by the culture of C and E. A careful look at 
the chromatograms in Figure 17 will reveal faint traces of 
lower homologs remaining in the medium originally containing 
the higher sugars. This is further evidence that these oligo­
saccharides are being broken down via their intermediary 
homologs to simple sugars. 
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DISCUSSION 
In the development of a thin-layer chromatographic pro­
cedure, the first problem posed to the investigator is the 
choice of a proper adsorbent. Within the short history of 
thin-layer chromatography as an analytical method, procedures 
have been described for the successful separation of sugars 
on kieselguhr (66), silica gel (65, 83) as well as cellulose 
layers (88). It should be noted, however, that for the separa­
tion of oligo-saccharides, the procedure of Weill and Hanke 
(68) is the only one described for successful separation of 
malto-oligosaccharides of up to ten degrees of polymerization 
on Kieselguhr G thin layers. Although the structural simil­
arity between malto-oligosaccharides and cello-oligosaccharides 
might lead one to hope that the same procedure would work for 
both types of compound, one should always be cautious of un­
expected variations. For example, the unfavorable results ob­
tained by using air dried plates and a pre-équilibrated solvent 
tank are contrary to previous experiences with sugars other 
than cello-oligosaccharides. It was, therefore, justifiable 
to investigate the suitability of silica gel H for the T. L. C. 
of cello-oligosaccharides. 
The advantages of silica gel H as the adsorbent for T. L. 
C. are that it has good mechanical stability, that it can hold 
more substance in a spot, and that it has stronger adsorbing 
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power—therefore spots usually are more confined and distinct. 
In addition, since it does not contain a CaS04 binder, 
the suspension can be kept for a long time after preparation; 
this has made the preparation of thin layer plates an easy 
operation. The slightly longer developing time required for 
this adsorbent is indeed insignificant when compared with its 
advantages. One important limitation of silica gel is that 
this adsorbent is reported to exert catalytic effects, e.g. 
aminated sugars are formed when ammoniacal solvents are used 
(89). In this study* therefore, ammonia was avoided as a solvent. 
Kieselguhr G is a weaker adsorbent than silica gel, and 
the amount of substance that can be spotted on kieselguhr 
layers is comparatively small. Its limited mechanical stabil­
ity has often caused flaking-off of pieces of the layer, es­
pecially at the inter-surface of liquid solvent and the atmos­
phere. This may result in uneven movement of the solvent 
front or even interruption of the solvent movement. Regardless 
of its limitations, Kieselguhr G is the only adsorbent used 
successfully for separating malto-oligosaccharides to this date, 
according to the literature. The present study seems to indi­
cate similar results for cello-oligosaccharide separations. 
The detection of cellotriose, cellotetraose and cello­
pentaose in addition to glucose and cellobiose, in the filtrate, 
by our recently developed thin-layer chromatographic procedure 
has pointed out the importance of a sensitive analytical method 
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to this type of scientific investigation. The early reports 
that glucose and cellobiose were the only sugars detected in 
the filtrates of bacterial cultures (36, 41, 42) is understand­
able when the limitations of earlier procedures are considered. 
From the data presented in this study, the presence of cello­
triose and cellotetraose is beyond doubt, even though the con­
centrations of these sugars are quite low. Approximately 0.5 
fig. of cellotrioses and 0.1 fig. of cellotetraose are estimated, 
by the color density of the spots, to be present per pi. of the 
filtrate ; these are still too low a concentration for detec­
tion by paper chromatographic technique available at that time. 
These erroneous findings by early workers led to specula­
tion that bacterial cellulases hydrolyze cellulose by end-wise 
cleavage. However in research on fungal cellulases when a 
third sugar spot was observed on paper chromatograms (15), (al­
though no reference sugar was available for comparison), this 
sugar spot was considered to be cellotriose, and the hypothesis 
was immediately advanced that cellulases of one particular 
microorganism, the fungus Myrothecium verrucaria, split cellu­
lose into cellotriose, and subsequently produced cellobiose 
and glucose through other enzymic actions. The same finding 
by another worker (9Cf) was interpreted differently, however. 
The sugar spot was merely considered as "higher saccharide" 
and the finding was evaluated as evidence for a random-attack­
ing mechanism of cellulase action by this fungus. 
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In an end-wise hydrolysis of the cellulose chain, the 
soluble end-product should be expected to contain only glucose, 
if the action resembles phosphorylase which cleaves one glucose 
unit at a time, or only cellobiose, if the action resembles 
^-amylase which cleaves two glucose units at a time, or both 
glucose and cellobiose if an active cellobiase is also present 
in the system. Although the presence of a transglucosidase 
may permit the formation of some higher oligosaccharides, the 
concentration of these oligosaccharides would not be expected 
to be high. 
The ratio of components in the accumulated sugars from 
this study is estimated as follows: glucose 2.0 mg/ml, cello­
biose 2.4 mg/ml, cellotriose 0.5 mg/ml, cellotetraose 0.1 mg/ml, 
cellopentaose, trace. The considerably higher concentrations 
of cellotriose and cellotetraose indicate that they are to be 
considered as intermediates of cellulose hydrolysis rather than 
the products of transglucosidation. The formation of these 
oligosaccharides is an indication that the cellulase system 
in the C and E cumture must cleave the cellulose chain at 
random. This, together with the fact that all these cello-
oligosaccharides are eventually utilized by the culture, enables 
one to postulate that cellulose is broken down to soluble 
sugars and eventually metabolized, by a random cleavage mech­
anism with the formation of cello-oligosaccharides as inter­
mediates of the hydrolysis. 
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CONCLUSION AND SUMMARY 
1. By the proper selection of the adsorbent and solvent 
systems, a thin-layer chromatographic procedure for the analysis 
of cello-oligosaccharides of up to five degrees of polymeriza­
tion has been developed. 
2. The best chromatograms were obtained when Kieselguhr 
G was used as adsorbent and butanol, ethanol and water, in the 
ratio of 65:15:20 was used as developer. The adsorbent layer 
should be 300 p. thick and should be activated for 30 minutes 
immediately prior to application of the sugar solution. 
3. Pre-equilibration of the solvent tank and the use of 
air dried plates were found to give unsatisfactory results. 
4. Silica gel H as the adsorbent gave results that were 
short of satisfactory. 
5. For the detection of cello-oligosaccharides in bac­
terial culture filtrates, C and E culture derived from Clos­
tridium thermocellum was incubated in D-58 medium with cellu­
lose as the carbon source. 
6. Occasional shaking of the fermentation flask and ad­
dition of toluene after growth was vigorous were found to in­
crease accumulation of soluble carbohydrates in the medium. 
7. Thin layer chromatographs showed that glucose, 
cellobiose, cellotriose, cellotetraose and a trace of cello­
pentaose were all present in the culture filtrate of C and E 
culture. 
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8. The concentrations of these sugars were estimated as 
follows : glucose 2.0 mg/ml, cellobiose 2.4 mg/ml, cellotriose 
0.5mg/ml, cellotetraose 0.1 mg/ml, cellopentaose, trace. 
9. Glucose, cellobiose, cellotriose, cellotetraose and 
cellopentaose were all metabolized by the C and E culture. 
10. The accumulation of these cello-oligosaccharides in 
such high concentration, together with the fact that they were 
metabolizable by the C and E culture has supported the hypothe­
sis that the cellulase enzymes in this culture hydrolyze the 
cellulose chain by random cleavage, with the formation of 
cello-oligosaccharides as intermediates. 
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